A number of experiments on the shuffling of heavy and light chains from antibodies ofdefined specificity for the transition-state analogue hapten nitrophenyl phosphonamidate are described. The experiments report on the promiscuity of heavy and light chains in binding antigen and the feasibility of antibody redesign by this shuffing process. The concepts ofincestuous and extraclonal promiscuous association are described. 
feasibility of antibody redesign by this shuffing process. The concepts ofincestuous and extraclonal promiscuous association are described. Shuflg opens the possibility of generating panels of antibodies with related specificity but of distinct idiotypic composition that may have snificance in the use of human monoclonal antibodies in therapy.
A major problem in antibody structure and function is to what extent an antigen binding specificity can be generated by various heavy-and light-chain pairs. With very few exceptions (1) (2) (3) (4) (5) , we have been mostly limited to those pairs provided by nature. However, with the cloning of heavy-and light-chain repertoires in phage (6) (7) (8) (9) and the means to generate all or selected heavy-and light-chain repertoires, the problem can now be approached experimentally. Here we describe a number of experiments on shuffling of heavy and light chains from antibodies with specificity for the hapten nitrophenyl phosphonamidate (NPN) that reflect on the promiscuity of heavy and light chains in binding antigen and the feasibility of antibody redesign by this shuffling process.
Access to an extended family of antibodies of similar specificity has important consequences. For instance in therapy, a given monoclonal antibody may induce an antiidiotypic response that could be avoided by switching to another antibody of similar specificity. Elimination of unwanted cross-reactivity with the maintenance of the desired specificity is another potential advantage of the extended family. The 
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Three unrelated clones that bound to antigen were chosen and the heavy (Fab)-and light-chain genes from each clone were recombined with the entire immune NPN library oflight (1.5 x 106 members) or heavy (1 x 106 members) chains as described in Table 3 . The frequencies observed for regenerating antigen binding clones showed why the random com- Proc. Natl. Acad. Sci. USA 88 (1991) binatorial approach is successful: the occurrence of a suitable partner for a given chain is a relatively common event. Hence, the frequencies of productive heavy-light chain combinations are relatively high and sufficient to produce an overall frequency ofantigen binding molecules ofthe order of 1 in 5000 (6-8) (expressed relative to the number of clones coexpressing heavy and light chains).
To determine whether the high frequencies of generating antigen binding clones might reflect an unexpectedly high promiscuity in heavy-light chain combinations, the 22 NPN antigen binding heavy and light chains were recombined with repertoires of 2 x 106 members of the complementary chains from a nonimmunized NZB mice. This strain, which is used as a model for autoimmune disease, is polyclonally activated but can be considered naive with respect to NPN antigen. No antigen binding molecules were isolated. The 22 NPN heavy chains were then recombined with a K light chain library of 1 x 10W members prepared from human bone marrow. The 22 NPN light chains were recombined with a library of 5 x 10l members of heavy chains derived from human peripheral blood lymphocytes. Again, no antigen binding molecules were isolated. These results indicate that, for this hapten-BSA conjugate at least, the functional chains are highly discriminating in terms of partners and that the redesign of antibodies through recombination of a somatically mutated chain with a naive partner may be a difficult process.
The results also mean that the original library must be greatly enriched in functional chains (i.e., those originating from antigen-specific clones). This is what might be anticipated given that RNA was source material for the libraries. Indeed, frequencies for functional heavy chain of 1 in 50 have been observed in a mouse anti-hemagglutinin (7) and human anti-tetanus toxoid (M. A. A. Persson and D.R.B., unpublished data) systems. In fact, by its sensitivity to RNA levels, the random combinatorial approach is reporting on the response to antigen.
To determine whether unique combinations of heavy and light chains were required for antigen binding or whether promiscuity in heavy and light chains occurs, the phage A DNA was prepared from 22 clones that exhibited binding to Three random combinations of heavy and light chains that bound to NPN-BSA antigen were selected as described (6) antigen. The A DNA was cleaved with EcoRI and religated, thus effectively generating 484 (22 x 22) possible combinations of the initial heavy and light chains. The resulting mixture was screened to determine the frequency of generating antigen binding clones. This frequency was some 5-fold greater than anticipated if heavy-light chain combinations were unique; i.e., there was notable promiscuity as shown in Table 4 .
Examination of sequences of the heavy and light chains of antigen-binding clones suggests that this promiscuity can have different origins. For instance, Table 2 illustrates that heavy chains from a clonal family can pair with different light chains from a complementary family and vice versa. Examples ofthis are clones 2c, 8b, 9a, and 15a in group I and clones 4a and 14d in group II. These clones are almost certainly somatic variants arising from the same original B-cell clone as determined by nucleotide alignment of complete or partial sequences of both heavy and light chains. (The alternative explanation of mutations arising from the PCR is thought unlikely because of the frequency of mutations observed and their concentration in the CDR regions.) We term this promiscuity incestuous.
A different type of promiscuity is provided by clones 12c and 2b. The sequences ofthe heavy chains ofthese clones are similar to those of the groups I and II, respectively, of Table  2 Shuffling of the heavy and light chains was achieved by EcoRI cleavage of the A phage DNA encoding the 22 Fabs, followed by ligation, packaging, and screening as described (6) . *The numbers of clones that were subjected to shuffling is shown in parentheses. Obs, observed; Pred, predicted.
heavy and light chain against a library of light and heavy chains, respectively. Moreover, such shuffling would reach to "optimized" pairing of heavy and light chains for antigen recognition. Shuffling could equally well be applied to combinatorial libraries expressed on the surface of M13 phage (9, 12) and in phage A as described here. Shuffled chains giving rise to functional combinations often reflects the clonal relationship of families. Such incestuous functionality could be used to map events of somatic mutation providing an insight into affinity maturation of both the heavy and light chains to a particular antigen.
